Background
==========

Antibacterial peptides are important effector molecules of the natural immune system \[[@b1-medscimonit-23-2558],[@b2-medscimonit-23-2558]\]. Antibacterial peptide LL-37 is a cationic antimicrobial peptide found in the human body, and has broad-spectrum antibacterial activity, especially for some clinical drug-resistant bacteria. In addition, it has biological functions such as promoting wound healing, endotoxin binding, induction of angiogenesis, and inhibiting tumor cell growth \[[@b3-medscimonit-23-2558],[@b4-medscimonit-23-2558]\].

Reports have indicated that the gram-negative bacterial cell outer membrane of palmitoyl transferase PagP can repair permeability of the outer membrane through activation of lipid A acylation, producing resistance to antibacterial peptides \[[@b5-medscimonit-23-2558],[@b6-medscimonit-23-2558]\]. Therefore, new antibacterial drugs may be found by investigating the pathway of inhibition of acylation of lipid A \[[@b7-medscimonit-23-2558],[@b8-medscimonit-23-2558]\].

Hydrolytic fragments of antibacterial peptide LL-37 with different lengths had good bioactivity, which laid a foundation for studies of the redesign of the antibacterial peptide LL-37 molecular and its activities \[[@b9-medscimonit-23-2558]--[@b11-medscimonit-23-2558]\]. This study analyzed the antimicrobial peptide LL-37 sequences, and simulated the interaction with palmitoyl transferase PagP through bioinformatics methods, based on which mutation of antibacterial peptide LL-37 molecular was created and which *in vitro* activity was studied.

Material and Methods
====================

Materials
---------

The following strains were purchased from the American Type Culture Collection (ATCC): *Escherichia coli* ATCC2592 (*E. coli* standard strain) and *E. coli* ATCC35218 (*E. coli* resistance standard strain). Strains of *E. coli*, isolated from clinical condition, were No. 1-11 including No. 5 the extended spectrum beta-lactamases (ESBLs)-producing *E. coli*. Data of polypeptide and protein are presented in [Table 1](#t1-medscimonit-23-2558){ref-type="table"}).

Data simulation
---------------

### Sequence analysis

The physicochemical properties of antibacterial peptide LL-37 were analyzed using the SWISS-MODEL online prediction tool; comparative analysis was made using the amino acid sequence with SWISS-MODEL and BLAST on NCBI. ANTHEPROT6.6.6 software was used to analyze the structure of antibacterial peptide LL-37.

### Dynamics simulation

ADF2014 (Amsterdam Density Functional) was used to set ReaxFF simulation parameters and conditions; four antibacterial peptide LL-37 molecules and one palmitoyl transferase PagP molecule were placed in the periodic space of 100×100×100 A3 by a random, uniform method at room temperature 298 K; analysis of internal stress relaxation within 0 picosec was made with the Velocity Verlet (NVT) system, in order to make the temperature and pressure fluctuate near the preset value, and analyze the system conformation through different time points. In the discriminatory analysis of products, the intermolecular bonding energy was calculated with density functional theory (using PBE-D3 (BJ) functional, TZ2P base group), in order to study the properties of the molecules \[[@b12-medscimonit-23-2558]\].

### Molecular docking

Molecular docking between antibacterial peptide LL-37 fragments and palmitoyl transferase PagP was made with Lamarckian genetic algorithm by AutoDock1.5.6, with Lattice size of 60×60×60 A3 and coordinates of 7.063, 32.452, and 49.199.

Preparation of humanized antimicrobial peptide LL-37 and the mutant
-------------------------------------------------------------------

Humanized antibacterial peptide LL-37 and the mutant were prepared by chemical synthesis (Hefei Cellmano Biotech Limited) and separated and characterized by high performance liquid chromatography and mass spectrum; we dissolved 5 mg antibacterial peptide sample in 1 mL water-solvent containing 0.01% acetic acid and 0.2% BSA, then perform double-dilution in order to obtain concentrations of 500, 160, 80, 40, 20, 10, 5, 2.5, 1.25, and 0.625 μg/mL, each placed in an EP tube.

Determination of bacteriostatic activity of humanized antibacterial peptide LL-37 and mutant
--------------------------------------------------------------------------------------------

First, we poured 5 mL of MH nutrient broth in the tube, inoculated with the bacteria to be tested, and then placed the test tube in a shaker for enrichment under conditions of 37°C, 180 rpm for 16--18 hours. Then, 10 μL of each of the diluted modified antibacterial peptides and unmodified antibacterial peptides with different concentrations were added into each well of the 96-well plate (with vice well), and the 13 kinds of *E. coli* added accordingly. The group with only *E. coli* without antimicrobial peptide served as a positive control; and the group with only medium served as a negative control. The enriched bacterium solution was diluted into 5×10^5^ CFU/mL, then a transfer of 90 μL was made to each well with antimicrobial peptide in sequence. The 96-well plates were covered and sealed with medical tape, then cultured at 37°C with shaking for 24 hours; then observed under 600 nm wavelength by Microplate reader; the experimental results were recorded and the averages calculated and the data analyzed.

Effects of humanized antibacterial peptide LL-37 and mutant on the expression of bacteria PagP enzyme
-----------------------------------------------------------------------------------------------------

Primers (upstream of PagP: AAGGAGATATAATGAACGTGAGT AAATATGT; downstream of PagP: TCAAAACTGAAA GCGCATCC) were synthesized by Sangon Biological Engineering Co., Ltd., Shanghai). The expression of PagP enzyme was identified via RT-PCR. The reaction conditions were as follows: pre-degenerate for 5 minutes under 94°C, degenerate for 30 seconds under 94°C, annealing for 30 seconds under 55°C, extending for 30 seconds under 72°C, for a total of 35 cycles; re-extending for 7 minutes under 72°C.

Statistical treatment
---------------------

SPSS 17.0 data processing software was used for analysis. The measurement data was presented as mean and standard deviation (x±s) and compared with the *t*-test. Chi-square test was used for the count data. The difference was statistically significant when *p*\<0.05.

Results
=======

Results of molecular dynamics simulation between antimicrobial peptide LL-37 and palmitoyl transferase PagP
-----------------------------------------------------------------------------------------------------------

ReaxFF method of simulation of the stable structure obtained after energy minimization of antibacterial peptide LL-37 and palmitoyl transferase PagP by molecular mechanics showed that: the systems contact each other at 8.75 picosec due to the mutual merge of hydrophobic groups of LL-37 and palmitoyl transferase PagP ([Figure 1](#f1-medscimonit-23-2558){ref-type="fig"}) of which the spherical atoms were contact atoms of LL-37 and PagP; atoms in red, blue, white, and gray represent O, N, H, and C atoms, respectively; the left comes from LL-37 and the right comes from PagP. After 20 picsec, the system had no trend of dissociation, and weak bond energy, bone -C-O-H...NH2-CH2- was calculated as-14.97 Kcal/mol. The contact position of antimicrobial peptide LL-37 and palmitoyl transferase PagP are shown in [Figure 2](#f2-medscimonit-23-2558){ref-type="fig"}; yellow represents the region of hydrophobic groups. Our analysis showed that the hydrophobic groups were the important factors which lead to contact and merging of the two parts. It was important to note that the contacted weak bond -C-O-H...NH2-CH2- in [Figure 1](#f1-medscimonit-23-2558){ref-type="fig"} was the bridge for contacting LL-37 with palmitoyl transferase PagP. Among them, -NH2 came from the middle part of the LL-37 molecule, but not the yellow hydrophobic region shown in [Figure 2A](#f2-medscimonit-23-2558){ref-type="fig"}. -NH2 group was taken to the contact region and formed a weak bond structure -C-O-H4H2-CH2- after antibacterial peptide LL-37 arrived at the surface of palmitoyl transferase PagP through bending and climbing.

Docking simulation between antimicrobial peptide LL-37 fragment and palmitoyl transferase Pagp
----------------------------------------------------------------------------------------------

Molecular docking showed that the binding sites of antibacterial peptide LL-37 and palmitoyl transferase PagP mainly included LYS8, GLU11, LEU28, LYS12, PHE27, ILE13, and PHE6 of antibacterial peptide LL-37 and ARG94, TRP89, ASN65, SER3, GLU90, GLU90, ASN100, HIS102 and THR92 of palmitoyl transferase PagP. The best docking conformation was determined after multiple docking, and the corresponding ligand efficiency are shown in [Table 2](#t2-medscimonit-23-2558){ref-type="table"}.

Humanized antimicrobial peptide LL-37 and the mutant
----------------------------------------------------

The mutant was to replace leucine (No. 1), glycine (No. 3), glutamic acid (No. 16), aspartic acid (No. 26), arginine (No. 34), threonine (No. 35) to glycine, leucine, glutamine, lysine, threonine, and arginine on the basis of LL-37 and other amino acid residues that remained changeless ([Figure 3](#f3-medscimonit-23-2558){ref-type="fig"}).

Determination of antimicrobial activity of humanized antimicrobial peptide LL-37 and the mutant
-----------------------------------------------------------------------------------------------

The change of the OD value of the 13 kinds of *E. coli* after being treated by mutants and non-mutants with different concentrations can be seen in [Figure 4](#f4-medscimonit-23-2558){ref-type="fig"}. The minimum inhibitory concentration of both antibacterial peptide LL-37 and mutants on 13 kinds of *E. coli* were within 20 μg/mL, and the minimum inhibitory concentration of mutant on *E. coli* was significantly lower than that of antibacterial peptide LL-37 (*p*\<0.05).

The change of expression of bacteria PagP enzyme after treated by humanized antibacterial peptide LL-37 and mutant
------------------------------------------------------------------------------------------------------------------

[Figure 5](#f5-medscimonit-23-2558){ref-type="fig"} shows that the expression of PagP enzyme on each different *E. coli* after adding mutant, LL-37, and no antibacterial peptide was different, the expression of enzyme with mutant was significantly lower (*p*\<0.05), while the expression of enzyme with LL-37 significantly increased (*p*\<0.05).

Discussion
==========

Antibacterial peptide LL-37 has the potential to become a new antibacterial drug \[[@b13-medscimonit-23-2558],[@b14-medscimonit-23-2558]\]. A study showed that it can increase the permeability of the outer membrane through destroying the outer membrane of gram-negative bacteria, and can be inhibited by protein palmitoyl transferase PagP from the bacterial outer membrane \[[@b15-medscimonit-23-2558]\].

The analysis of bioinformatics method showed that when antibacterial peptide LL-37 united with protein palmitoyl transferase PagP of the bacterial outer membrane, more -C-O-H...NH2-CH2- formed in the middle of the antimicrobial peptide LL-37 were good for the stability of the bond. In addition, the hydrophobicity and molecular flexibility of antibacterial peptide LL-37 were important for the form of -C-O-H...NH2-CH2- through molecular folding and climbing. Docking results showed that the main binding sites of antibacterial peptide LL-37 and protein palmitoyl transferase PagP of the bacterial outer membrane were mainly concentrated in the middle of the antimicrobial peptide LL-37. Therefore, this study was performed as a *de novo* design of antibacterial peptide LL-37, and obtained antibacterial peptide LL-37 and its mutant through artificial chemical synthesis. Results of antibacterial experiments indicated that the minimum inhibitory concentration of both antibacterial peptide LL-37 and mutant on the 13 *E. coli* was within 20 μg/mL, and the antibacterial peptide LL-37 and non-mutant had good antibacterial activity; and the mutant had significantly increased antibacterial effect on 13 *E. coli* at low concentration when compared with LL-37, and its MIC also showed significant decrease. Therefore, the results suggested that the antimicrobial activity of LL-37 mutant on most of *E. coli* was higher than LL-37.

In addition, the expression of *E. coli* PagP with mutant was significantly decreased compared to that of the group with antibacterial peptide LL-37 (*p*\<0.05), while the expression of *E. coli* PagP with antibacterial peptide LL-37 was significantly increased compared to that of the group without antibacterial peptide (*p*\<0.05). The results showed that for most of the *E. coli*, the expression of PagP enzyme after adding mutant was lower than with antibacterial peptide LL-37, while the expression of PagP enzyme after adding antibacterial peptide LL-37 was higher than without antimicrobial peptides. Reports showed that the alkyl acyltransferase PagP of the outer membrane of gram-negative bacteria cells can transfer a fatty acid chain with 16 carbons from phospholipid to β2 position of lipoid A, producing 7 lipoid A with the structure of fatty acid chain, which could disturb the recognition of host immune cell TLR-4 on lipid A, at the same time, lead to its resistance to antimicrobial peptide \[[@b16-medscimonit-23-2558],[@b17-medscimonit-23-2558]\]. Therefore, antibacterial peptide LL-37 could stimulate the production of PagP, and increase the expression of PagP. While the mutant of LL-37 designed by us was intended to inhibit the activity of PagP, and as such the expression decreases. We concluded that the cause for enhanced antibacterial effect of mutant of antibacterial peptide was to decrease the trans membrane effect of PagP on antibacterial peptides through inhibiting the activity of PagP enzyme, thereby increasing the antibacterial activity. The further study in the future should look at the mechanism from the protein level.

Conclusions
===========

The obtained mutant of humanized antibacterial peptide LL-37 had stronger antibacterial effect; the reason for the enhancement of the antibacterial effect was that the activity of PagP was inhibited, which provided a better condition for the future application in the field of medicine and health care, and agriculture production.
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###### 

Data resources of polypeptides and proteins for this study.

  Polypeptides and proteins     Data resources
  ----------------------------- ----------------------------------
  Antibacterial peptide LL-37   PDB ID: 2K6O
  Polymyxin B                   APD ID: AP02204
  Transferase PagP              UniProtKB -- P37001 (PAGP_ECOLI)

###### 

The ligand efficiency of docking between antimicrobial peptide LL-37 fragment and palmitoyl transferase PagP.

  Docking ligands   Ligand efficiency (Kcal/mol)
  ----------------- ------------------------------
  LLGDFFRKS         −1.6100
  RKSKEKIGK         −17358
  KEKIGKEFKR        −1.7547
  KEFKRIVQRIK       −2.2389
  FKRIVQRIKDF       −2.2358
  VQRIKDFLRNL       −2.2167
  KDFLRNLVPR        −1.7358
  FLRNLVPRTES       −1.6130
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